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A B S T R A C T   
Type of the wood used for the aging highly influences the quality of alcoholic beverages. In this research we 
explored the potential of cyclic voltammetry (CV) and differential pulse voltammetry (DPV) to establish fin-
gerprints characteristic for each wood and to enable determining the type of the wood used in the aging process. 
Eleven different wood samples were used to prepare three different types of spirits during 15 months. The highest 
extraction rate was obtained during the first month, while further aging was followed with almost constant 
amount of extracted polyphenols. Black locust, myrobalan plum, and mulberry extracts were discriminated from 
the spirits aged in oak and wild cherry wood when statistical analysis was applied. Although clear classification 
of all samples was not achieved, this long term study demonstrated a potential of both CV and DPV for differ-
entiating wood species used in the aging, hence in the quality control of spirits.   
1. Introduction 
The aging in contact with wood is used in the production of some 
alcoholic beverages (e.g. fruit brandies) to improve sensory character-
istics such as aroma, color, taste and astringency and therefore the 
overall quality. The quality of alcoholic beverages also depends on wood 
specie used in that process. In Europe, barrels made from sessile oak 
(Quercus petraea (Matt.) Liebl.) and pedunculate oak (Quercus robur L.) 
are the most commonly used (De Rosso, Cancian, Panighel, Dalla Bed-
ona & Flamini, 2009; Martínez-Gil, del Alamo-Sanza, Sánchez-Gómez & 
Nevares, 2018). However, due to the limited availability of oak wood 
and costs of the process, alternative wood species, such as black locust 
(Robinia pseudoacacia L.), mulberry (Morus alba L.), and cherry (Prunus 
avium (L.) L.), can be also used in different forms such as staves and chips 
(Fernández de Simón, Sanz, Cadahía, Martínez, Esteruelas & Muñoz, 
2014; Martínez-Gil et al., 2018; Coldea et al., 2020; García-Moreno 
et al., 2020). In addition, natural seasoning of wood staves, without 
toasting treatment is frequently used in Serbia for barrel production. 
During the aging of alcoholic beverages, many compounds are 
extracted from wood in quantities depending on its initial concentration 
in wood. Chemical composition of wood is determined by various factors 
such as species, age, tree part (root, stem, or branch), soil conditions, 
geographic location, and climate (Doussot, De Jeso, Quideau & Pardon, 
2002; Smailagić et al., 2019). 
Alternative wood species used in Balkan cooperage are the main 
topic of our current investigations. So far, we have investigated the 
content of individual polyphenols by liquid chromatography with mass 
spectrometric detection, while spectrophotometric methods were used 
for conducting total phenolic content and antioxidant capacity 
(Smailagić et al., 2019). Also, individual compounds with radical scav-
enging activity were investigated using DPPH-HPTLC assay (Smailagić 
et al., 2020). Also, our research group investigated potential application 
of the electrochemical methods in the monitoring of the various 
biochemical or biological processes that affected the antioxidant ca-
pacity of the dominantly food samples. 
Many authors investigated antioxidant properties of aged spirits by 
direct electrochemical techniques. Antioxidant properties of wine and wine 
phenolics were performed by original approach based on cyclic voltam-
metry using glassy carbon electrode (Kilmartin, Zou & Waterhouse, 2001). 
Furthermore, Alonso, Guillén & Barroso (2003) developed an 
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electrochemical method based on the electrochemical oxidation of 
2,2́–azino–bis(3–ethylbenzthiazoline–6–sulfonic acid) (ABTS) for the 
determination of antioxidant activity of grape-derived products such as 
wines, brandies and vinegars. Gay et al. (2010) used electronic tongue for 
monitoring the ageing of red wines in different ways (in barrels, using wood 
chips/staves or micro-oxygenation). Cognac and brandy antioxidant ca-
pacity was investigated by chronoamperometry (Ziyatdinova, Salikhova & 
Budnikov, 2014a) and differential pulse voltammetry (Ziyatdinova, Sali-
khova & Budnikov, 2014b), using multi-walled carbon nanotube (MWNT) 
modified glassy carbon electrode in both cases. In addition, Ziyatdinova, 
Salikhova, Skorobogatova, Chibisova & Budnikov (2015) investigated the 
potential of coulometric titration, differential pulse voltammetry (DPV), and 
chronoamperometry for evaluation of brandy quality using antioxidant 
properties. Guiberteau-Cabanillas, Godoy-Cancho, Bernalte, Tena-Villares, 
GuiberteauCabanillas & Martínez-Cañas (2015) developed a method for 
the electrochemical characterization and determination of the total content 
of phenolic compounds with low oxidation potential in an industrial cork 
by-product (cork boiling water) by using graphene modified screen-printed 
electrodes. Sánchez-Guillén, García-Moreno, Guillén-Sánchez, & García- 
Barroso (2017) evaluated antioxidant capacity of aged beverages such as 
brandies, old wines and sweet wines, by electrochemical and photo-
chemiluminescence methods. 
Having all in mind, in this research the goal was to investigate 
possible application of cyclic voltammetry (CV) and differential pulse 
voltammetry (DPV) in determination of electrochemical behavior and 
estimation of the antioxidant capacity of wood species. The following 
wood species were investigated: oak species (Q. petraea (Matt.) Liebl., Q. 
robur L., and Q. cerris L.), myrobalan plum (P. cerasifera Ehrh.), black 
locust (R. pseudoacacia L.), wild cherry (P. avium L. (L.)), and mulberry 
(M. alba L.). The experiment was designed in two parts. Firstly, initial 
screening of the ethanolic model extracts was done using both electro-
chemical techniques in order to consider potential use of them for aging 
monitoring and wood differentiation. Based on the results of the statis-
tical analysis where was shown that there is no significant difference 
between methods, cyclic voltammetry was chosen as faster for the main 
part of the research which was aimed to assess electrochemical behavior 
after 1, 2, 3, 6, and 15 months of the aging process. The experimental 
spirits were prepared by the extraction of wood sawdust with three 
different solvents (45% ethanol, apple brandy, and plum brandy). 
Finally, principal component analysis (PCA) was used to make com-
parison among voltammograms and to analyze the influence of different 
factors on the final product, such as the period of the aging, type of the 
solvent used, and type of the wood species used. 
2. Material and methods 
2.1. Wood samples and solvents 
Eleven wood species of different geographical origin were used 
(Table 1), including three samples of pedunculate oaks (Quercus robur 
L.), three of sessile oaks (Quercus petraea (Matt.) Liebl), Turkey oak 
(Quercus cerris L.), black locust (Robinia pseudoacacia L.), myrobalan 
plum (Prunus cerasifera Ehrh.), wild cherry (Prunus avium (L.) L.), and 
mulberry (Morus alba L.). Among these samples, one sessile oak sample 
(sample 5) and Turkey oak (sample 7) were not seasoned, while the rest 
of them were seasoned one year in the open air at cooperage industry 
VBX-SRL. D.O.O. (Kraljevo, Central Serbia). Three different solvents 
were used for the extraction: ethanol (96%, Reahem) and two domestic 
spirits: apple brandy (Prepečenica, 46.7%) and plum brandy (Prepečenica 
46.5%). All solvents were diluted to the concentration of 45% (v/v). 
Home-made apple distillate was made from ́Red Chief ́ apple fruits. Used 
apples were harvested on September 2018 from apple orchards the 
Sremski region of Serbia, ̌Sid. Plum brandy was made in September 2018 
from the variety of plum ́ Čačanska rodná in Zapadna Morava-Vrnjci 
village, Serbia. Apple musts obtained from crushed fruits were under-
gone to the spontaneous alcoholic fermentation, and subsequently 
double distilled with pot stills. 
2.2. Preparation of experimental spirits 
For the initial screening, ethanolic model extracts aged for seven 
days were prepared according to the procedure described in Smailagić 
et al. (2019). 
For the preparation of experimental spirits wood samples were mil-
led and sieved until the sawdust with particle size between 0.5 and 1.5 
mm was obtained. Then, the wood sawdust (0.5 g) from each wood 
specie was extracted with ethanol, apple brandy or plum brandy (10 mL, 
45% v/v). Five replicates were made for each extract with the only 
difference in length of the aging, which were the following: 1, 2, 3, 6, 
and 15 months. After the appropriate extraction time passed, the extract 
was separated from the solids and kept in refrigerator upon analysis. 
2.3. Cyclic voltammetry and differential pulse voltammetry 
Standard three electrode cell was used for cyclic voltammetry and 
differential pulse voltammetry. Cell, of total volume of 3 mL, was 
equipped with system consisted on: glassy carbon (GC) working elec-
trode (3 mm diameter, Metrohm, Switzerland), silver/silver chloride (3 
M KCl) as reference electrode, and platinum wire of large surface as 
counter electrode. Prior to each series of experiments the working 
electrode was polished with alumina followed by rinsing with water and 
sonicated. All measurements were done at ambient temperature 22 ±
1 ◦C. Autolab (The Netherland), model 302 N, with corresponding 2.1 
Nova system, was used as potentiostat. Before use GC electrode was 
polished with alumina 0.3 and 0.05 µM, rinsed with double distillated 
water and ethanol. 
For the estimation of antioxidant capacity two approaches can be 
used. First one is based on the current intensity at oxidation potential for 
the selected standard compound (Petković, Stanković, Milčić, Sovilj & 
Manojlović, 2015) and the second is based on the surface area under 
oxidation curve of the sample – charge under curve (Vasić, et al., 2019). 
Selection of the appropriate method is based on the complexity of the 
samples. Based on this we selected second approach. Highest charge 
under curve was selected as 100% of the extraction maximum, while all 
other are calculated according this value. 
2.4. Statistical analysis 
One-way analysis of variance (ANOVA) was performed to detect 
significant differences between two methods (cyclic voltammetry and 
differential pulse voltammetry) used in determination of electro-
chemical behavior of wood extracts. Also, ANOVA was used to examine 
differences among different aging time. Principal component analysis 
(PCA) was carried out using the PLS_Tool Box software package for 
MATLAB (Version 7.12.0) and all data were group scaled prior to PCA. 
Table 1 
The botanical species, geographical origin, and sample number.  
Wood species Geographical origin Sample 
No 
Pedunculate oak 
(Quercus robur L.) 
Slavonija (Croatia) 1 
Gornji Radan (Serbia) 2 




(Quercus petraea (Matt.) Liebl.) 
Kučaj (Serbia) 4 
Kuršumlija (Serbia) 5 
Ravna Gora (Serbia) 6 
Turkey oak (Quercus cerris L.) Kuršumlija (Serbia) 7 
Black locust (Robinia pseudoacacia L.) Kraljevo (Serbia) 8 
Myrobalan plum (Prunus cerasifera 
Ehrh.) 
Vrnjačka Banja (Serbia) 9 
Wild cherry (Prunus avium (L.) L.) Ravna Gora (Serbia) 10 
Mulberry (Morus alba L.) Vrnjačka Banja (Serbia) 11  
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The singular value decomposition algorithm (SVD) and a 0.95 confi-
dence level for Q and Hotelling’s T2 limits for outliers were chosen. 
3. Results and discussion 
3.1. Initial screening of the electrochemical behavior and potential 
application of CV and DPV for aging monitoring and wood differentiation 
Electrochemical behavior and estimation of the antioxidant capacity 
of different ethanolic model extracts was investigated using two 
different electrochemical methods. Corresponding voltammograms are 
presented in Fig. 1. Potassium chloride 0.1 M was used as supporting 
electrolyte. Cyclic voltammetry experiments showed that tested samples 
possessed oxidation peaks in anodic direction, while in opposite direc-
tion, no cathodic peaks were observed. By testing different kind of the 
woods similar electrochemical behavior was noted for same group of the 
samples. Dominantly, in the samples one anodic peak was presented. In 
the case of black locust and wild cherry, two irreversible oxidation peaks 
were observed. Oak samples showed almost the same electrochemical 
behavior, with one dominant oxidation peak at around 0.5 – 0.6 V. 
In our previous research conducted on the wood extracts (Smailagić 
et al., 2019), different phenolic profiles were observed depending on 
wood species. Wild cherry was distinguished by abundance in flavonols, 
flavanones, flavones, isoflavones and flavanonols, as well as excep-
tionally high quantities of taxifolin, which was also dominant in that 
wood specie. In addition, mulberry was characterized by richness of p- 
hydroxybenzoic acid and stilbenoids, while myrobalan plum showed the 
highest content of protocatechuic acid and 5-O-caffeoylquinic acid 
among investigated wood species. Sessile and pedunculate oak were 
distinguished by exceptionally high quantities of ellagic acid, compound 
predominant in these species. Turkey oak and black locust also con-
tained ellagic acid as predominant compound, but in significantly lower 
quantities than in sessile and pedunculate oak. Turkey oak contained the 
lowest contents of phenolic compounds. According to Alañón, Castro- 
Vázquez, Díaz-Maroto, Hermosín Gutiérrez, Gordon & Pérez – Coello 
(2011), the major contributors to the antioxidant capacity in wood 
samples are phenolic acids, such as gallic, protocatechuic, p-coumaric, 
and ellagic acid, and all the ellagitannins. Further, we reported that 
gallic acid, ferulic acid, p-coumaric acid, and caffeic acid, present in such 
samples, significantly contributed to the antioxidant capacity (Smailagić 
et al., 2020). All these compounds showed similar electrochemical 
behavior in the testing experimental conditions (Simić, Manojlović, 
Šegan & Todorović, 2007) with the corresponding oxidation peaks at 
similar potential. In the case of black locust sample obvious different 
behavior was noted. Presence of two oxidation peaks was recorded 
followed with higher oxidation current. These observations were in 
accordance with the reported HPTLC profiles of this sample (Smailagić 
et al., 2020). Two defined oxidation peaks were recorded for wild 
cherry, mulberry and myrobalan plum samples, however, in case of 
currents obtained in this case was significantly lower, in comparison 
with other samples. 
Differential pulse voltammetry (DPV) is often used electroanalytical 
methods for the detection of various analytes, due to its characteristics 
such as simplicity, wide operating range and low limit of detection. In 
this study potential application of this method was tested to investigate 
electrochemical behavior, and the antioxidant capacity of the extracts of 
different woods was estimated in comparison with cyclic voltammetry, 
as widely accepted method for this purpose. Same group of the samples 
was tested using DPV method, in same potential range. Results were 
depicted in the Fig. 1 (B). Only oxidation direction was used, as absence 
of reduction peaks was observed with CV experiments. Parameters used 
for these measurements were pulse amplitude of 40 mV, modulation 
time of 50 ms and potential step of 5 mV. These parameters were 
selected based on literature search and our previous works (Đorđević 
et al., 2017, Đorđević et al., 2018). Similar to the CV technique, DPV 
method provided oxidation peaks in all tested samples. Oak samples 
possessed one oxidation peak at similar potential as for CV, while in the 
case of wild cherry, mulberry and myrobalan plum samples two well 
defined and well separated peaks were noted. As can be seen, DPV 
method can also serve as reliable and effective method for the peak 
separation and possible estimation of the type of the polyphenolic 
compounds. 
Fig. 1. CV profiles (A) and DPV profiles (B) of the ethanolic model extracts.  
Table 2 
Comparison between DPV and CV methods for the quantification of antioxidant 
capacity of the ethanolic model extracts.  
Sample No CV DPV 
1  26.60  27.52 
2  25.89  26.28 
3  13.95  14.13 
4  19.03  20.27 
5  31.04  29.65 
6  31.85  31.49 
7  0.04  0.06 
8  91.00  92.24 
9  85.99  85.78 
10  19.22  21.35 
11  100.00  100.00  
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3.2. Comparison of the methods for estimation of AOC of the samples 
Electrochemical methods are widely used for the quantification of 
antioxidant compounds present in various samples. These methods are 
based on the area below oxidation/reduction peaks. In the case of the 
extract samples, where presence of only oxidation peak was observed, 
estimation of antioxidant capacity was done as a charge under oxidation 
wave of the samples in the range from 0 to 1 V. The most dominant peak 
was detected on potential of around 450 mV (in the case of oak samples), 
so the charge under this wave we labeled as Q450. The highest value is 
presented as 100% while others are given in as ratio to this value. Re-
sults are summarized in the Table 2. 
According to these results, both tested techniques can be equally 
used to quantitively determine antioxidant compounds in investigated 
samples. ANOVA showed no statistically significant difference between 
DPV and CV methods (F (0.00066) < Fcrit (4.35124)). Obtained results 
using both techniques were consistent and followed the same trend. 
Obviously, there were not upper concentration limitations in the pres-
ence of antioxidant compounds, with very low detection limits obtained, 
using both techniques. These results indicated wide operating window 
and were in accordance with our previous results (Đorđević et al., 2017, 
Đorđević et al., 2018). As the main advantage of this approach can be 
stressed absence of the sample’s preparation, not required dilution, 
furlough of the additional chemicals and rapidity. As the main difference 
in the techniques can be reported rapidity of the scanning experiments. 
In a series of experiments CV can be slightly preferred due to faster 
profiling of the tested sample. Based on this assumption, for the real time 
monitoring of the effect of the different extracts and type of the wood on 
the aging process, cyclic voltammetry was selected. 
3.3. Application of the electrochemical methods for determination of the 
antioxidant capacity and as potential fingerprints of the aged spirits 
In order to investigate applicability of the electrochemical tech-
niques for the quantification of the antioxidant compounds and moni-
toring of the effect of aging in the presence of wood, the influence of 
different alcoholic beverages on the experimentally aged spirits from 
various wood species of different origins was tested. Due to previously 
proven consistence only cyclic voltammetry was applied in further ex-
periments, as a useful analytical procedure for fast monitoring of anti-
oxidant activity of different kind of samples. The electrochemical 
techniques developed for antioxidant capacity screening and assessment 
have proved rapid and sensitive, allowing analysis of various matrices, 
with no need for complicated sample pre-treatment and with relatively 
low cost. 
Aging procedure was monitored in two domestic alcoholic beverages 
– apple brandy and plum brandy. In the same time, ethanol p.a. was used 
for the control. These experiments were conducted during the period of 
15 months, with the control points in the 1st, 2nd, 3rd, 6th and 15th 
month, as described in Section 2.2. Representative voltammograms 
obtained for pedunculate oak samples in different extraction mediums: 
apple and plum brandy and 45% ethanol, were depicted in Fig. S1. 
As it was previously mentioned, antioxidant compounds were 
quantified as area under curve of oxidation wave. During 15 months a 
total of 5 testing points were taken for all samples and CV voltammo-
grams were recorded. Surface area of the oxidation wave was calculated 
using NOVA 2.0.2 software. Results were given in the Table 3 for tested 
brandies, as function of aging time versus wood types. 
It is worth mentioning that, according to the results, extraction of the 
largest amount of polyphenols, reported as the most dominant source of 
antioxidant power of the samples, was done during the first month of the 
aging. Further aging was followed with slight increase in the concen-
tration of these compounds, or even in some cases, with the decrease. 
ANOVA showed no statistically significant difference among different 
aging time (F (0.003) < Fcrit (2.428)). Similarly, Delia, Jordão & 
Ricardo-da-Silva (2017) observed that 20 aging days were sufficient for 
the extraction of phenolic compounds from French oak wood chips into 
red wine, which was in accordance with the results in this work. Del 
Alamo Sanza, Nevares Domínguez, Cárcel Cárcel & Navas Gracia (2004) 
noted significant increase in the concentration of p-coumaric acid, 
ferulic acid, gallic acid, protocatechuic acid, caffeic acid and proto-
catechuic aldehyde, slight increase in the levels of syringic acid, sinapic 
acid and vanillin, and clear decrease of gentisic acid, p-hydrox-
ybenzaldehyde and vanillic acid, during the 12 months of aging of red 
wine in oak wood (barrels, chips and staves). However, they did not 
investigate the overall amount of antioxidants. As already mentioned, in 
our previous work (Smailagić et al., 2019) the presence of various 
phenolic acids and flavonoids was confirmed. The most prevalent phe-
nolics identified in the oak extracts were ellagic acid, followed by gallic 
acid and protocatechuic acid, but in much lower content. Oxidation 
potential of ellagic acid is around 0.5 V (Ghoreishi, Behpour, 
Table 3 
Effect of different aging time of wood samples extracted with different solvents 
on the concentration of the antioxidant compounds (A1-A11 samples extracted 
with apple brandy; P1-P11 samples extracted with plum brandy; E1-E11 samples 














A1 1.80 1.85 1.82 1.85 1.84 
A2 1.30 1.33 1.28 1.33 1.36 
A3 0.97 0.97 1.10 0.93 1.07 
A4 1.36 1.41 1.41 1.47 1.51 
A5 1.48 1.58 1.53 1.56 1.51 
A6 1.78 1.68 1.44 1.67 1.59 
A7 0.05 0.04 0.06 0.06 0.06 
A8 7.96 7.81 7.46 7.72 7.83 
A9 5.90 5.47 5.68 5.93 5.90 
A10 1.37 1.43 1.41 1.45 1.44 
A11 7.52 8.22 7.87 7.65 7.95 
P1 1.74 1.68 1.72 1.80 1.78 
P2 1.90 1.97 1.76 1.85 1.82 
P3 1.00 0.88 1.15 0.94 1.06 
P4 1.33 1.43 1.45 1.37 1.39 
P5 2.17 2.31 2.29 2.39 2.29 
P6 2.28 2.30 2.42 2.26 2.38 
P7 0.03 0.03 0.03 0.03 0.03 
P8 6.48 6.75 6.41 6.56 6.54 
P9 6.17 6.10 6.15 6.23 6.21 
P10 1.36 1.22 1.34 1.30 1.31 
P11 7.13 7.04 6.90 7.10 7.00 
E1 1.67 1.60 1.75 1.67 1.70 
E2 1.70 1.58 1.70 1.60 1.77 
E3 1.27 1.24 1.23 1.29 1.24 
E4 1.50 1.56 1.56 1.54 1.53 
E5 2.12 2.08 2.12 2.29 2.19 
E6 1.85 2.17 2.26 2.23 2.31 
E7 0.08 0.08 0.07 0.08 0.08 
E8 4.68 4.62 4.87 4.73 4.70 
E9 6.57 6.86 6.48 6.66 6.76 
E10 1.58 1.52 1.53 1.57 1.62 
E11 7.40 7.38 7.34 7.58 7.54  
Table 4 
Comparison of the extraction efficiency in the first month of the experiment.  
Wood sample Plum brandy 45%Ethanol Apple brandy 
1  24.40  22.57  22.61 
2  26.65  22.97  16.33 
3  14.03  17.16  12.19 
4  18.65  20.27  17.09 
5  30.43  28.65  18.59 
6  31.98  25.00  22.36 
7  0.42  1.08  0.63 
8  90.88  63.24  100.00 
9  86.54  88.78  74.12 
10  19.07  21.35  17.21 
11  100.00  100.00  94.47  
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Khayatkashani & Motaghedifard, 2011) is similar for the oak samples 
obtained in this study, confirming properly organized experiments used 
in this work. It is possible that the content of individual phenolics 
changes during the aging, but the overall amount of them remains 
almost constant, However further studies may be needed in order to 
confirm this assumption. Finally, these small differences can be attrib-
uted to the software errors or to the experimental errors, and all these 
results can be presented as a result of the first month of extraction, 
where the efficiency itself is the highest. 
Comparison of the experimental results obtained for the first month 
for all three experiments were summarized in the Table 4. It was possible 
to conclude that apple beverage possessed the lowest extraction effi-
ciency in comparison with other solvents. It was noted for all types of the 
woods, except black locust, only, where the highest concentration of 
antioxidant compounds was found. Overall, the highest antioxidant 
capacity was found in black locust, myrobalan plum and mulberry 
samples, with the several times higher value than other samples. This is 
confirmed in the case of all three extraction solvents. These observations 
Fig. 2. (A) PC scores plot of the experimentally aged spirits; (B) Loadings plot of the experimentally aged spirits.  
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are in accordance with our previous work (Smailagić et al., 2019). 
Contrary to this, in the Turkey oak sample, the lowest antioxidant ca-
pacity was detected. This can be seen in the Fig. 1 also, as one small and 
non-well-defined peak at the peak potential of around 0.3 V. These re-
sults were in accordance with our previous study (Smailagić et al., 
2019), where the lowest antioxidant capacity was found for this sample, 
using standard spectrophotometric methods. 
Among oak samples, the extraction efficiency was significantly lower 
for sessile oak from Kučaj (sample 4) than other sessile oaks, while the 
extraction efficiency for pedunculate oak from Olovo (sample 3) was 
much lower than other sessile and pedunculate oaks. 
3.4. Principal component analysis 
PCA was used to establish differences in electrochemical behavior of 
experimentally aged spirits based on the extraction time, type of solvent 
and wood species. PCA performed on the results obtained by cyclic 
voltammetry (Table 3) resulted in two principal components (PCs) that 
explained 99.94% of the variation of the data set. The first principal 
component accounted for 99.88% and the second only for 0.06% 
(Fig. 2). Although the PCA correlation plots (Fig. 2A) did not show well 
discrimination and the most of the experimentally aged spirits were 
grouped in one cluster, it is evident that black locust (A8, P8, E8), 
myrobalan plum (A9, P9, E9), and mulberry samples (A11, P11, E11) 
were separated along the PC1 dimension from the all other samples. PCA 
showed that there was no effect of different aging time and different 
solvents (apple brandy, plum brandy, and 45% ethanol) on the con-
centrations of the antioxidant compounds. On the other hand, the wood 
species was shown to have an effect on the antioxidant contents and 
loadings plots showed that black locust, myrobalan plum, and mulberry 
separated due to the higher antioxidant contents determined for a total 
of 5 aging periods (the 1st, 2nd, 3rd, 6th and 15th month). 
4. Conclusion 
The aging of alcoholic beverages in contact with wood is an impor-
tant practice for ensuring high quality of finished product. The results of 
our research showed that both cyclic voltammetry and differential pulse 
voltammetry can differentiate wood species in experimentally aged 
spirits, which points to the phenolic profile unique for the wood specie. 
The same class of wood used in experimentally aged spirits showed 
similar behavior (based on signal shape and the peaks position) indi-
cating the presence of the same phenolic compounds. Extraction of the 
phenolic compounds mainly occurred during the first aging month, 
while further aging was followed with slight changes in the concentra-
tion of these compounds. Apple brandy was the extraction solvent with 
the lowest extraction power for all extracts except black locust, where 
the highest concentration of antioxidant compounds was found. Among 
experimentally aged spirits, black locust, myrobalan plum and mulberry 
samples showed the highest antioxidant capacity. This was confirmed 
for all three extraction solvents. Although the oak is the most commonly 
used wood specie for the aging of alcoholic beverages, in this research it 
was shown that alternative wood species are good source of phenolic 
compounds and may be more convenient for aging. Namely, the release 
of antioxidants from black locust, myrobalan plum and mulberry was 
greater than in other investigated wood species in the same conditions, 
independently from the extraction time and extraction solvent. 
To conclude, present study allows application of simple, rapid, and 
sensitive methods for the monitoring of the phenolic profiles of the wood 
and determination of botanical origin. Applicability of this approach in 
such a long-term study confirmed these observations and indicated that 
proposed procedures can find practical application in this field. 
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Vranješ Đurić: Investigation, Writing - original draft. Sonja Veljović: 
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